ABSTRACT
INTRODUCTION
The polymerase chain reaction (PCR) uses specific DNA primers to amplify specific sequences from a complex source of nucleic acids (13) . If arbitrarily selected primers are used instead, then a reproducible fingerprint of products can be generated under the appropriate conditions (8, 20, 21) . Arbitrary primers initiate PCR from sites on the template with varying efficiencies depending on the quality of the overall match and with particular regard to the match at the 3 ′ end of the primer. Relatively efficient priming events within a few thousand base pairs and facing each other on opposite strands, lead to PCR-amplifiable products. Products that are the most efficiently primed and most efficiently amplified compete most effectively in the subsequent PCR amplification and are visualized as a fingerprint after gel electrophoresis.
This method was first applied to detect polymorphisms among related genomes because differences in primer-binding sites result in differences in the resulting PCR products (21, 26) . Later, the method was applied to studying differential expression of arbitrarily sampled RNAs (8, 20) . Differences in a cDNA PCR product derived from two isogenic RNA samples reflected differences in the abundance of the mRNA between the populations.
One of the features of the method that could be changed is the arbitrary nature of the sampling. The first efforts to direct PCR fingerprints to particular sequences were applied to genomic DNAs. For example, the rate of detection of polymorphisms in higher eukaryote nuclear DNA could be increased by using primers that target the more polymorphic simple repeats or hyper-mutable methylation sites (25) . Primers can also be directed towards sequences that are more frequent in some bacterial genomes (12, 22, 24, 27) .
PCR with pairs of degenerate primers derived from back translation of conserved amino acid motifs have been widely used for finding new members of gene families (e.g., Reference 3). Similarly, PCR fingerprinting with primers derived from conserved motifs sometimes enriches for genes of interest (4, 18, 28) . Another approach to selecting primers for targeted fingerprinting is to determine which oligonucleotide sequences are common in the list of sequences of interest and determine which pairs of primers will give a significant number of PCR products from these sequences. With the addition of arbitrary 5 ′ tails, these primers can then be used at relatively high stringency to sample sequences from the family of interest; although, other mRNAs could also be sampled by the same primers (9) .
We present a program to effectively select perfectly matched primer pairs for all or most of the sequences in a list of interest. Primers that match hyper -abundant RNAs are excluded. from more than one sequence in a list of sequences of interest (9, 14) . In one of these programs (9) , primers are chosen that have a frequency above a set threshold in the sense and antisense strands among the list of sequences of interest. Then these primers are picked into random groups of thirty, which are used to generate simulated PCR products. After thousands of iterations of this sampling strategy, those primers that are most often found in groups of primers that performed "well" are chosen for a final list of primers. Then, a particular primer pair was chosen by the authors in Reference 9 that was shown to successfully target some mRNAs of interest under relatively high stringency conditions. The ability to use these primers for biological experiments has been demonstrated. Thus, we set out to determine if we could not only develop a method to select primer pairs that would also sample multiple sequences in a list, but also allow maximum coverage of sequences in the list while excluding primer pairs that could be a problem because they might dominate the resulting mixture of PCR products. To achieve this goal, we decided to select primers (and their complements) that occurred frequently in either strand of the sequences of interest and to use these highly ranked primers in every pairwise combination to generate a matrix of simulated PCR products. Then, by ranking primer pairs by the number of PCR products they generated and sequences by the number of primer pairs that generated a simulated PCR product, we could systematically pick primer pairs by working across and down the matrix to get maximum coverage, as will be described later. This "greedy" algorithm uses a strategy similar to that used by Pearson et al. (14) .
To test the program, we developed four sets of human cDNAs and fragments of cDNAs. Two of the lists comprised cDNAs for phylogenetically unrelated proteins that participated in particular kinds of functions in the cell. One of these lists comprised cDNAs for genes involved in DNA repair and replication (DNAREP), and the other list comprised cDNAs that are known or suspected to be associated with apoptosis (APO). The other two lists were of phylogenetically related cDNAs. One list was human nuclear receptor (HNR) cDNAs (10) . The final list was human G-protein-coupled receptors (GPCR), a family that had previously been used to select primer pairs using a program of a different design (9), so we could compare the performance of our program.
PROGRAM DESIGN AND RESULTS
The program was written in the C language on a UNIX™ operating system. This program, GeneUP, and a manual are available to noncommercial users (contact mmcclelland @skcc.org ). To remove duplicated sequences, we applied the CLEANUP program to each collection (5) (available at ftp://area.ba.cnr.it/pub/software/cleanup ), setting the parameters to remove the shorter of any two sequences overlapping by 95% with a similarity higher than 95%. Also, sequences with a length of <800 bases were removed from each collection. While it is difficult to select primer pairs that sample multiple sequences of <800 bases, users have the option to attempt to sample all sequences in their list, regardless of length. The final set of cDNAs for the DNAREP test list is presented in generate a list of the most common oligomers of various lengths from each of these four lists, counting the occurrence of the oligonucleotides in both strands. The first challenge was to determine the appropriate length of the primers. In a random distribution of all four nucleotides, a typical 10 -mer sequence occurs about once every 1 000 000 bp (4 10 ). However, sequences in biological samples rarely approach this random model. In long lists of cDNAs, the most frequent 10 -mers may occur often enough to be useful as primers. However, in the shorter lists of cDNAs used in the examples we present, even the most common 10 -mers occur only a few times in the four lists, and 11 -mers were generally confined to regions of conserved amino acid motifs (data not shown). Thus, 9 -mers or shorter might be required for these shorter lists.
In a random DNA sequence, a typical 9 -mer has a frequency of about one in 131 000 bp (most of which do not occur even once in all 285 mRNAs in all four lists). However, the most prevalent 9 -mer occurs 22 times in the DNAREP list, 17 times in the APO list, 20 times in the HNR list and 40 times in the GPCR list. Similarly, a typical 8 -mer has a frequency of one in 32 000 bp (about three times in a list of 50 mRNAs), and the most prevalent 8 -mer occurs 36 times in the DNAREP list, 30 times in the APO list, 34 times in the HNR list and 68 times in the GPCR list.
Gresshoff and colleagues have shown that primers as short as five bases could be used for PCR (2) . However, short primers of 5 or 6 bases, while they would occur frequently in the list of interest, would also occur frequently in other RNAs and therefore might not generate any significant selectivity for the mRNAs in our list of interest. N76123  N76330  N79938  R14820  T02866  T02882   T03057  T03259  T06602  T06958  T07197  T16214   T48647  T56669  T57073  T57474  T57745  T59577   T60735  T63720  T90251  W03161  W03511 The-top ranked 100 primers were examined, and those that occurred in the hyper -abundant RNAs were removed.
Although primers of 8-12 bases in length are probably the most useful for the applications described here, the program has the option to search for oligomers from 6 -mers to any length in a given list of sequences (with limitations to the number and length of sequences to be analyzed dependent on the memory available on the computer).
The program can exclude primers that occur in a user -specified list of sequences. Specifically, we wished to exclude primers that occurred in hyper -abundant RNAs, such as ribosomal RNAs, mitochondrial RNAs and dispersed repeats, on the theory that cDNA from such sources could adversely affect the results by leading to a few dominant PCR products. In human RNAs, the most abundant dispersed repeats are Alu and LINE (1, 7, 16) . Even after poly(A) selection of mRNA or oligo(dT) priming, Alu and LINE repeats are undiminished, and rRNAs and mtRNAs generally still constitute a substantial but variable minority of the resulting population. A substantial fraction of 9 -mers and the majority of 8 -mers can be expected to occur in this list of hyper -abundant RNAs. Exclusion of perfect matches in these RNAs should reduce cDNA synthesis and subsequent arbitrary priming in these hyper -abundant RNAs and thus improve targeting to the lessabundant RNAs of interest during PCR amplification.
Note that primers that have only a single mismatch in a hyper-abundant RNA may still prime quite efficiently on that undesirable target. As a step towards removing such primers, we have added an option for users to remove all 10 -mers that have a perfect match with a hyper-abundant 9 -mer at the 3 ′ end or, in general, all n -mers that have a perfect match with a hyper-abundant ( n -1) -mer at the 3 ′ end.
In the examples we present here, primers are subtracted that occur in a list of the rRNAs, mtDNA and eight representative Alu elements, compiled in Table 2 . Every occurrence of a potential primer match in either strand of these sequences is excluded. In addition, a list of 99 mRNAs that carry fragments of LINE elements was compiled. LINE element sequences are most typically found in a 5 ′ truncated form in the 3 ′ end of mRNAs (6) . Any oligonucleotide that occurs three or more times in either strand in this list is excluded from the oligomers generated from the list of sequences of interest. This step removed oligonucleotides that were common in LINE elements as well as some that were common in the non -coding 3 ′ ends of these 99 mRNAs. Only oligonucleotides over 7 bases in length remain after the subtraction step because the vast majority of the 16 384 possible 7 -mers occur in rRNAs, mtDNA, Alu or in the 3 ′ end of LINEs. Thus, we confined further analyses to lists of 8 -mer and 9 -mer oligonucleotides. Table 3 shows the effect of subtract - Table 1 were amplified. D8 ′ -C8  :  GGAAGGAG-CTCCTGCA  T9 -B17  :  CTGGCTGA -TGAGGAAG  E7 -M14 :
Gene No. Product Length D8 ′ -C8  17  121  27  522  34  154  36  682  40  138  43  742  49  522  64  355  T9 -B17  5  526  8  122  29  541  45  247  47  496  58  122  E7 -M14  2  422  10  435  40  163  44  266  61  547  65 -S15  10  731  27  529  32  140  42  617  49  529  B5 -B10  1  214  20  768  33  215  43  212  61  73  Q2 -M10  4  447  23  444  45  245  46  635  48  158  Z0 ′ -H7  15  344  17  973  41  757  52  875  Y4 ′ -Z1  14  122  43  555  54  474  62  786  T7 ′ -P10  8  283  11  238  18  958  58  283  I12 ′ -X10'  19  152  21  121  36  271  43  599  S4 -O15  9  420  13  430  35  284  43  253  S11 -F5  20  325  38  142  43  470  61  55  Z5 -C4  16  213  39  283  59  128  E17 -D14  31  254  37  913  50  433 ing perfect matches that occur in hyper-abundant RNAs. Of the most prevalent 100 primers of 8 and 9 bases in length, about 80% and 60%, respectively, were found in the hyperabundant RNAs and were removed. Next, the stability of the primer template interaction needs to be considered. For successful PCR in which both primers participate, the primers need to be matched with regard to their melting temperature (T m ) on the template, especially because PCRs using such primers generally involve high-stringency conditions in order to bias sampling towards perfect matches. A+T-rich primers are unlikely to interact with the template as effectively as G+C-rich primers. We added an option to choose the range of G+C content of the primers. In the examples presented, we use a window of 50%-90% G+C content. Later, after the primer pairs to be used have been selected, the T m of each primer can be equalized by the addition of arbitrary bases at the 5 ′ end. Any primers that have two or more bases of palindrome at the 3 ′ end are removed to avoid problems with primer dimers.
Finally, the remaining candidate oligonucleotides and their complements are combined in every possible combination and used to generate simulated PCR products from the list of sequences of interest. The number of candidate oligonucleotides used for this process can be set by the user. The default setting is 500.
The program searches for simulated PCR products in a size range set by the user. We chose a size range from 50 to 1000 bases. The upper limit of 1000 bases was chosen because products above this size are less reliable in a mixture of PCR products that also contains many more efficiently amplified products that are only a few hundred bases long. In rare instances where there is more than one simulated PCR product from a sequence using a particular primer pair, then the program retains only the shorter because this is the product preferred by PCR.
The program only searches for PCR products that have different primers at each end. There is evidence that in a competition between products that have the same primer at each end and those that have different primers at each end, those with different primers predominate after PCR. This phenomenon may be due to the formation of panhandles by the products that have the same primer at each end, giving these products a disadvantage (23) . Thus, we do not wish to rely on such products to sample a particular mRNA.
The program arranges the resulting primer pairs and sequences in the list of interest into a matrix. The resulting simulated PCR products (if any) are reported in each cell of the matrix. Next, all primer pairs that share complementarity of two or more bases at the 3 ′ end are removed to avoid primer dimers.
The matrix is rearranged so that the primer pairs are ranked by the number of sequences in the list that they sample. The primer pair that samples the most sequences in the list is ranked first. The sequences are ranked by the number of primer pairs that generate a product. The most frequently sampled sequence is ranked first.
The matrix is simplified by including only primer pairs that sample at least a specified number of sequences. In the following results, the threshold is set so that each primer pair samples at least two sequences (or at least five). The matrix is further simplified by using an option to exclude primer pairs that generate products of the same size from a number of sequences in the list of interest.
The simplified matrix is used to select primer pairs. First, those primer pairs that sample sequences that are sampled by no other primer pair are selected. These primer pairs will be selected at some point, so it is most parsimonious to select them immediately. The sequences that match these primer pairs are removed from the matrix. The matrix is rearranged to show the top-ranking primer pair for the remaining sequences. This primer pair is chosen, the matching sequences are removed and so on, until the possibilities are exhausted.
When the program was tested, we found that often a few sequences were not sampled by the first matrix. To improve inclusion of sequences, the program iterates the oligonucleotide selection procedure using only those sequences that are not sampled by the first selected set of primer pairs or are sampled by only one primer pair. A new set of oligonucleotides that are ranked highly in this subset of previously unsampled sequences is added to the first list of primers, and a new matrix is generated and resolved. Iteration of this procedure leads to all or nearly all sequences in the list being represented. The user can set the number of iterations from 0 to 10. In the examples presented, we have used five iterations, with the 500 top new primers added to the list at each iteration.
Finally, the program generates an output of each primer pair, the sequences that each primer pair samples and the size of the product.
An example of the results of these experiments for oc - 5A: GPCR -specific 10 -mers and their complements, previously published (9), were used to generate the matrix. tamers is presented in Figure 1 . Table 4 summarizes data for octamers and nonamers for the four lists and for a fifth list consisting of the other four lists melded into one list of 285 cDNAs. Pairs of decamers sampled 80% of the list of 285 cDNAs using primer pairs that target at least two cDNAs. Octamers can sample all 285 cDNAs, even when the minimum number sampled per primer pair is raised to five. A complete set of data for all five lists is available ( ftp.skcc.org/ mcclelland/geneupm.cl ). The algorithm we used does not consider whether any particular cDNA is sampled by more than one primer pair in the selected list. Indeed, in all four lists, a typical cDNA was sampled by two primer pairs (Table 4 , last column). This redundancy in sampling can be an advantage because it should partly ameliorate circumstances where one primer pair happens to be targeted to a region of a mRNA that is difficult to amplify.
Twenty primers of ten bases in length were developed by others for sampling GPCR cDNAs (9) . These primers sampled 18 of the 113 GPCRs in our list (Table 5A ). We then used every possible 8 -mer within these 10 -mers (a total of sixty primers) as input into GeneUP, and these were very effective, sampling 96% in the GPCR list (Table 5B) . Interestingly, most of these primers had perfect matches in hyperabundant RNAs. When these were removed, the remaining primers sampled still sampled an impressive 76% of cDNAs in the GPCR list (Table 5B) . By comparing the yield of primer pairs, it is probable that GeneUP will perform as well as the Monte Carlo method (9), while allowing additional constraints to be imposed.
The rate at which primer pairs also sample other cDNAs not in the list is a matter of concern. To approximate the rate of such sampling, we used the primers selected for each list to determine if they would sample the other lists. Using a total of 151 primers on the "wrong lists" in 4 000 000 tests, we predict that each 8 -mer primer pair would match perfectly about one in every 4000 mRNAs in a typical cell. So each primer pair would sample five other mRNAs in addition to the set of mRNAs of interest. A similar calculation for 8 -mers derived from the 10 -mers of Lopez -Nieto and Nigam (9) indicated a similar or higher rate of sampling of other mRNAs.
DISCUSSION
In this theoretical paper, we have devised a program that can select pairs of PCR primers that sample multiple sequences from a list of cDNAs. Table 6 summarizes the variables that can be set in this program. The program is capable of simulating PCR products to find primer pairs that match all or nearly all cDNAs in a list. For lists of the size we have used, 48-285 cDNAs, octamer primers give slightly better coverage than nonamers after removing primers that occur in hyper -abundant RNAs. This phenomenon may be less dramatic for very long lists where nonamers, or longer oligonucleotides, have a better chance of occurring in a sufficient number of genes.
Coverage of short lists of phylogenetically related cDNAs (HNR and GPCR) by nonamers is very effective (100% in both cases). This is not surprising. Even after removal of the many primer pairs that generate products of the same size due to PCR between conserved motifs, there still remain acceptable primer pairs that consist of one conserved motif and one statistically common primer.
The primers we have selected for the GPCR list performed favorably compared with those chosen by a different method (Compare Tables 4 and 5 ). For example, after removing oligonucleotides that occur in hyper -abundant RNAs, GeneUp yielded 25 primer pairs that sampled all 113 GPCR in the list. The Monte Carlo method yielded 26 surviving primer pairs that sampled 76% of the cDNAs. The effect of removing primers that occur in hyper -abundant RNAs is very dramatic, eliminating virtually all 9 -mer and 10 -mer primers selected by the Monte Carlo method.
The strategy we have used is designed to nearly maximize 
Variable Default
Selects top-ranked oligonucleotides of any specified length, 6 bases and longer 8 bases Oligonucleotides excluded if they occur in an "excluded" list of sequences Human repetitive elements Exclude oligonucleotides that match all but one base at 5 ′ end in the excluded list Not excluded Remove oligonucleotides that can easily form primer dimers Removed Range of G+C content 50%-90% G+C Range of PCR product sizes 50-1000 bp Maximum acceptable number of products in list that are the same size 2 Minimum (and maximum) number of sequences sampled by each primer pair 2 (min), 50 (max) Perform iterations of oligonucleotide selection for sequences that are not sampled in 2 the first matrix Select the number of top oligonucleotides to be used at each iteration 500 Two statistical primers per pair or one statistical primer and one anchored primer at Two statistical primer 3 ′ poly(A) tail for PCR primers Select primer pairs from matrix starting with least-sampled sequence or most-sampled Start with most-frequently sequence that fits criteria sampled sequence coverage, with the least number of primers. Because only a selected number of primer pairs are examined and because a heuristic method, rather than an exhaustive method, is used to pick primer pairs from the matrix, the strategy does not always pick the smallest possible set of primer pairs. However, an exhaustive strategy could be prohibitive because it would consume more computing power than is practical. The method presented here is only one of the possible heuristic approaches to optimize selection of simulated PCR products from the matrix. Another method to select primer pairs is to start with the least-frequently sampled sequence in the matrix and select the primer pair that samples that sequence and the most other sequences in the list. The sequences that match that primer pair are removed. The matrix is rearranged, and the remaining least-sampled sequence is chosen. The top-ranked primer pair that samples that sequence is chosen. The sequences that are sampled by that primer pair are removed. The matrix is rearranged. The iteration continues until the possibilities are exhausted. This alternative has been implemented and can be chosen by the user. To date, we have found that this method generally leads to slightly less redundancy of coverage but also samples slightly fewer genes in the list (data not shown). Many other methods to pick primer pairs from the matrix can be envisioned.
One of the enduring limitations with the strategy we have outlined is the fact that oligonucleotides that are highly ranked in our list of interest are likely to be quite common in mRNAs, in general. The exclusion of hyper -abundant RNAs does not exclude the other 10 000 or more mRNAs in the cell that are not in the list of interest. We can expect that some of these other sequences will also have perfect or near -perfect matches with the primers, oriented correctly for PCR and at an appropriate distance apart. Thus, primers selected by the program increase the probability that the sequences of interest are given an opportunity to be sampled but will not necessarily exclude other sequences from being sampled in the same mixture of PCR products. It is not the intention of the program to select primers that have perfect matches exclusively with a number of the sequences of interest, while having no matches in other sequences. Rather, the purpose of the program is to ensure that the sequences of interest are among the best matches, so as to maximize the chance that these sequences will occur in the mixture of PCR products.
The other RNAs of most concern are those that are abundant in the cell because these will give a prominent PCR product. While the genes we are interested in will probably be sampled, if expressed, products from more abundant mRNAs may predominate and obscure or reduce the yield of the products of interest. We have taken the first step to minimize this problem by excluding the most abundant RNAs in the cell. However, in the future, it might be possible for this strategy to be taken a step further. Accumulating information on the relative rank of mRNAs in cells may allow the identification of the top 100 or 500 mRNAs that occur in most cell types in humans. A list of such genes would be valuable because it could be used to exclude primer pairs from consideration if, for example, more than one of these more abundant RNAs was likely to give a PCR product with a primer pair or if the expected products might be a similar size to the PCR product of interest. Alternatively, it may be possible to improve the program to check all known Expressed Sequence Tags (ESTs) from the species and determine how often a particular pair of primers samples the whole list. Pairs that sample above a threshold could be excluded. ESTs are available in GenBank ® ( http:// www.ncbi.nlm.nih.gov/dbEST/index.html ).
Even with the caveat that other mRNAs will usually be sampled by any primer pairs chosen, it is worth noting that the mixture of PCR products is enriched for the intended mRNAs, even if other undesired RNAs are also sampled. Thus, these mixtures should be effective probes in differential hybridization experiments against clones for the expected mRNAs because the complexity of the probe is much lower than total cDNA (19) . This could be of particular interest in strategies that are used to array clones or oligonucleotides on chips where the complexity of the probe can be a limiting factor in detecting rare transcripts. For recent reviews, see References 11 and 17.
Presently, the short primers selected using computer methods have additional arbitrary bases appended at the 5 ′ end when used in PCRs (9) . These extra bases are used to ensure efficient PCR under the high-stringency conditions needed to select the best matches at the 3 ′ end. The extra bases can also be used to balance out the G+C content and thus the T m of each primer in the primer pairs. These additional arbitrary bases naturally lead to some concern that primers will be biased towards the subset of sequences that happen to have good matches with the arbitrary extension. Thus, it is worth considering other strategies. One idea might be to use degenerate primers. This would allow some primers of 10 or more bases long to occur many times in short lists of sequences. We are currently performing the necessary biological experiments to determine if this would be a fruitful avenue for further program development.
Another variation on the method we use here may be of interest to many readers who wish to sample the 3 ′ ends of cDNAs (8) . A single statistically selected primer can be combined with an anchored oligo(dT) primer that has one or more non -thymidine bases at the 3 ′ end and that primes at the border of the polyadenylation site in a large selected fraction of the mRNAs. This alternative has been implemented as an option for the program.
In this paper, we have largely ignored redundancy in the sampling of cDNAs in the list of interest while concentrating on maximizing coverage. We are currently working on a modification of the program that would sample the maximum number of mRNAs in long lists, such as all known human ESTs or all known open reading frames in a bacteria, with the least redundancy.
